Abstract Eosinophils are innate immune leukocytes found in relatively low numbers within the blood. Terminal effector functions of eosinophils, deriving from their capacity to release their content of tissue-destructive cationic proteins, have historically been considered primary effector mechanisms against specific parasites, and are likewise implicated in tissue damage accompanying allergic responses such as asthma. However, the past decade has seen dramatic advancements in the field of eosinophil immunobiology, revealing eosinophils to also be key participants in many other facets of innate immunity, from bridging innate and adaptive immune responses to orchestrating tissue remodeling events. Here, we review the multifaceted functions of eosinophils in innate immunity that are currently known, and discuss new avenues in this evolving story.
Introduction
Eosinophils are innate immune granulocytes best recognized for their cytotoxic effector functions, causing damage to parasitic pathogens in helminth infections, and to host tissues in allergic diseases. However, more recent data have uncovered a much more complex picture, revealing additional roles for eosinophils in regulating inflammation, maintaining epithelial barrier function, affecting tissue remodeling, and bridging innate and adaptive immunity. Many of these functions arise from the capacity of eosinophils to store a preformed armamentarium of cytokines, chemokines and growth factors, available for immediate release.
Eosinophils are generally found in low numbers within circulation (1-4% of total peripheral blood leukocytes), while the majority of eosinophils at baseline reside within mucosal tissues interfacing with the environment and within primary and secondary lymphoid tissues. Localization to mucosal surfaces places eosinophils within ideal sites to identify and respond rapidly to pathogens, and within secondary lymphoid tissues, eosinophils are well-poised for their functions in bridging innate and adaptive immunity. Moreover, in response to allergens or Th2-inducing helminth infections, eosinophils are rapidly recruited to tissue sites. Here, we will review old and new data highlighting the contributions of eosinophils to innate immune processes.
In the first section, the structure, content and membrane receptor repertoire of eosinophils with direct relevance to innate immunity will be introduced. In the following section, how the biology of eosinophils contributes to specific innate immune functions will be described, and in the final two sections, how these specific functions participate in innate immunity during health and within specific infectious settings will be discussed.
Content and receptor expression relevant to innate immunity

Structure and content of eosinophils relating to innate immunity
The most characteristic feature of eosinophils is their cytoplasmic content of specific granules. The specific granules, also called secondary or crystalloid granules, have a distinctive dense crystalline core, surrounded by a less dense matrix, and enclosed by a trilaminar membrane. Eosinophil granules are composed mainly of cytotoxic cationic proteins, and also store a plethora of cytokines, chemokines and growth factors, available for very rapid, stimulus-dependent release. The most common physiological means by which eosinophil granule-stored proteins are released involves a regulated process, termed piecemeal degranulation (PMD), by which cargo-laden small spherical vesicles and larger tubular vesicles emerge from mobilized intracellular granules and traffic through the cytoplasm to the cell membrane for release of their transported contents. Docking of vesicles to granules and the plasma membrane is controlled through the selective expression of vesicle-and membrane-specific SNARE (soluble N-ethylmaleimidesensitive factor attachment protein receptor) molecules (Logan et al. 2006; Moqbel and Coughlin 2006) . PMD is evidenced in electron micrographs of activated eosinophils by the presence of numerous intracytoplasmic tubular structures, termed eosinophil sombrero vesicles (EoSVs) in recognition of the donut-shaped configuration these vesicles often display in cross-section (Fig. 1) . Two more processes of granule protein secretion recognized for eosinophils are classical exocytosis, in which granules fuse with the plasma membrane to release their contents (Moqbel and Lacy 1999) , and cytolysis, in which the plasma membrane ruptures and granules are liberated extracellulary (Erjefalt et al. 1998; Ahlstrom-Emanuelsson et al. 2004) . Cell free granules deposited within tissues likely remain secretion competent to release their contents upon appropriate stimulation (Neves et al. 2008; Neves and Weller 2009 ). The capacity of eosinophils to rapidly secrete a wide variety of mediators without the need for de novo protein synthesis distinguishes these cells from many other innate and adaptive immune cells and plays a key role in the innate immune functions of eosinophils. Eosinophil-expressed molecules and surface receptors with relevance to innate immune processes are included in Tables 1, 2 and 3 .
Cationic proteins
The main constituents of eosinophil specific granules are the cationic proteins, such as major basic protein (MBP) (Gleich et al. 1973) , EPO (eosinophil peroxidase) (Carlson et al. 1985; Olsen and Little 1983) and eosinophilassociated RNases (EARs) such as ECP (eosinophilic cationic protein) (Olsson and Venge 1974) and EDN (eosinophil-derived neurotoxin) (Durack et al. 1981; Gleich and Adolphson 1986) . There is evidence for expression of residual amounts of granular proteins such as ECP, MBP and EDN in other granulocytes such as neutrophils, basophils and activated macrophages (Abu-Ghazaleh et al. 1992; Sur et al. 1998) .
Murine eosinophils house a similar content of basic proteins in their granules, including MBP-1 and 2 (Larson et al. 1995; Macias et al. 2000) , EPO (Horton et al. 1996) and at least 13 murine EARs with 70% sequence identity (Batten et al. 1997; Cormier et al. 2001; Larson et al. 1996; Rosenberg and Domachowske 2001; Singhania et al. 1999) . Six of the murine EARs localized to their specific granules (Cormier et al. 2001; Larson et al. 1995; Lee and Lee 2005) .
Eosinophil cationic proteins are noted for their anthelminthic and tissue cytotoxic properties. Importantly, several of these mediators fulfill additional functions through signaling interactions with other cells, including endothelial cells and mast cells. Mechanisms by which eosinophil cationic proteins mediate a multitude of effects are discussed in the following sections in conjunction with their specific functions. For further reading, the biology of eosinophil-derived cationic mediators has been recently reviewed in great detail (Hogan et al. 2008) . 
Cytokines, chemokines and growth factors
In addition to cationic proteins, human eosinophils harbor a plethora of cytokines, chemokines and growth factors within specific granules, including interleukin (IL)-4 (Melo et al. 2005; Moqbel et al. 1995) , IL-6 (Lacy et al. 1998) , tumor necrosis factor (TNF)α (Beil et al. 1993) , IL-5 (Dubucquoi et al. 1994; Moller et al. 1996) , granulocyte macrophage colony-stimulating factor (GM-CSF) (LeviSchaffer et al. 1995) , IL-2 (Levi-Schaffer et al. 1996) , IL-13
Cytokine receptors Cytokines Growth factors Cherry et al. 2008; Cheung et al. 2008 Cheung et al. , 2010 Hogan et al. 2008; Hu et al. 2010; MatsubaKitamura et al. 2010; Wang et al. 2007b Hogan et al. 2008 Melo et al. 2008; Minshall et al. 2000; Spencer et al. 2009; Wong et al. 2007 Hogan et al. 2008 IL-2R (CD25/CD122)  IL-1β  Groα (CXCL1)  IL-3R (CD123/CD131)  IL-2   a   NGF  IL-4R (CD124/CD132 Borchers et al. 2002; Hogan et al. 2008; Jung et al. 2008; Liu et al. 2003; Nagase et al. 2001; Dunzendorfer et al. 2001 Hogan et al. 2008 Wong et al. 2007 Hogan et al. 2008 Spik et al. 2005 Hogan et al. 2008 Weller et al. 1999 (Woerly et al. 2002) , IL-10 (Lamkhioued et al. 1995) , IL-12 (Grewe et al. 1998) , interferon (IFN)γ (Woerly et al. 1999) , transforming growth factor (TGF)-β (Wong et al. 1991) , IL-25 (Wang et al. 2007b) , and eotaxin (Nakajima et al. 1998) . For more exhaustive lists of eosinophil-derived cytokines, chemokines and growth factors, one should refer to Hogan et al. (2008) and Lacy and Moqbel (2000) and Tables 1 and 2 . Of note, although eosinophils are generally found in association with Th2 immunity, eosinophils express Th1, Th2 and regulatory cytokines, as well as cytokines with strong pro-or anti-inflammatory properties. We have recently demonstrated that the relative concentrations of cytokines stored preformed within granules of human blood eosinophils are well conserved between individuals, with the exception of preformed TNF-α, for which concentrations varied among donors ). Although eosinophils secrete low amounts of inflammatory mediators compared to T cells, the fact that those mediators exist as preformed cytokines and are very rapidly secretable may point to the essential role of eosinophils in the immediate innate immune response to regulate the microenvironment at sites of pathogen penetration or injury. Contributions of eosinophil cytokine and chemokine secretion to the inflammatory, immunoregulatory and tissue-remodeling capacities of eosinophils are discussed in the following sections.
Other eosinophil-derived mediators
Eosinophils are a major source of lipid mediators, including cysteinyl leukotrienes (LT) (Bandeira- Melo and Weller 2003) , arachidonic-acid based inflammatory mediators (Table 2) . Arachidonic acid metabolism and eicosanoid formation occurs in peri-nuclear membranes and in cytoplasmic lipid bodies, lipid-rich cytoplasmic inclusions (Bozza et al. 1997) . Lipid bodies are enriched in eicosanoid forming enzymes, including prostaglandin endoperoxide synthases (cyclooxygenases), 5-lipoxygenase (5-LO), and leukotriene C 4 -synthase (LTC 4 S), and, therefore, serve as a site for arachidonic acid esterification and eicosanoid formation. Cysteinyl leukotrienes, such as secreted LTC 4 , and extracellularly formed LTD 4 and LTE 4 , have broad effects on the inflammatory response. In asthma pathogenesis, effects of cys-LTs include provoking bronchoconstriction, inducing mucus production and augmenting venular permeability. Therefore, LT binding blockers are used to control asthma and allergic diseases. In addition, eosinophils express proteinases and other enzymes. Matrix metalloproteinases (MMPs) are enzymes critical for the degradation of extracellular matrix materials, enabling cell migration through tissues and participating in tissue reorganization. Eosinophils express soluble MMP-9 (Dahlen et al. 1999) , and membrane-bound MMP17 (Gauthier et al. 2003) . Moreover, eosinophil granules harbor enzymes including acid phosphatase, collagenase (Hibbs et al. 1982) , arysulfatase B (Egesten et al. 1986 ), histaminase (Zeiger et al. 1976) , phospholipase D (Egesten et al. 1997) , catalase (Iozzo et al. 1982 ) and non-specific esterases (Li and Glick 1987; Weinstein et al. 1962) . How these enzymes contribute to biological processes such as wound healing and tissue remodeling will be discussed in the following sections.
Membrane receptors with relevance to innate immune mechanisms
Receptors involved in inflammatory responses
Eosinophils are equipped with a variety of receptors that enable their recruitment to inflammatory sites, and response
Adhesion molecules
Complement and Fc receptors Toll-like receptors Hogan et al. 2008 Giembycz and Lindsay 1999; Hogan et al. 2008 Nagase et al. 2003 Wong et al. 2007 LFA to inflammatory mediators, including receptors for chemokines, cytokines, immunoglobulins, lipids, complement fragments, and serine proteases. It is noteworthy that eosinophils express cognate receptors for many of the mediators stored and secreted by eosinophils (including the eosinophilopoietins IL-5 and GM-CSF, and the key chemoattractant CCL11 (eotaxin)), creating the potential for significant eosinophil autocrine regulation (compare cytokine and cytokine receptor columns of Table 1) .
Resting eosinophils constitutively express the chemokine receptors CCR1 and CCR3 (Elsner et al. 2005; Phillips et al. 2003; Ponath et al. 1996) . CCL11 (eotaxin-1), acting through eosinophil-expressed CCR3, represents the most important chemoattractant signal for eosinophils, as evidenced by a significant deficiency in tissue eosinophilia at baseline and following airway allergen challenge of CCL11- (Rothenberg et al. 1997) or CCR3-deficient mice. Upon stimulation, eosinophils can upregulate expression of CXCR3, CXCR4, CCR5, CCR6 and CCR8 (Nagase et al. 2000; Oliveira et al. 2002; Sullivan et al. 1999) , broadening the range of chemokines to which eosinophils respond (see also Table 2 ).
Eosinophils can respond to the activated complement cascade through binding complement fragments, including C3a, C5a, C3b, C4b, iC3b and C1q, through expression of C3aR, C5aR, CR1, CR3, CR4, CD103 and receptors for C1q (Giembycz and Lindsay 1999; Walsh et al. 1990 ) (Table 3) . Moreover, eosinophils express Fc receptors for IgD, IgM, IgG, and IgA (Giembycz and Lindsay 1999) . Of particular significance to the eosinophil's association with mucosal tissues, IgA-coated particles elicit eosinophil degranulation (Abu-Ghazaleh et al. 1989) , and secretory IgA has been reported to promote eosinophil survival in an antigen-independent manner (Bartemes et al. 2005) . Although there is some controversy in the literature as to whether eosinophils express surface IgE receptors (Seminario et al. 1999) , several compelling studies find human eosinophils from eosinophilic donors to express both high-and lowaffinity receptors for IgE (Abdelilah et al. 1998; Gounni et al. 1994; Rajakulasingam et al. 1998) , as well as an additional low-affinity IgE-binding entity of the S-type lectin family, Mac-2/ε-binding protein (Capron et al. 1991) . In contrast to human eosinophils, murine eosinophils do not appear to express high affinity IgE receptors, due to lack of expression of the receptor α chain.
IL-3, IL-5 and GM-CSF are critical to eosinophil development, and signal through IL-3Rα, IL-5Rα or GM-CSFRα chains, respectively, in association with the common β chain (Lopez et al. 1986 (Lopez et al. , 1988 Rothenberg et al. 1988; Takatsu et al. 1994) . Eosinophils express TNFα receptors 1 and 2, IFN-γRα, IL-4Rα, IL-13Rα and the common γ chain, enabling eosinophils to respond to proinflammatory cytokines, as well as products of Th1 or Th2 immunity. Eosinophils also express IL-9Rα and c-kit (Dubois et al. 1998; Hauber et al. 2004; Wallen et al. 1991; Yuan et al. 1997) . Using CCL11-mediated secretion of IL-4 from human blood eosinophils as a model of stimulusdependent PMD, we have demonstrated that IL-4Rα chains chaperone the intracellular trafficking of IL-4 from granules to the cell membrane for secretion (Spencer et al. 2006) (Fig. 1c) . Therefore, granule-expressed cognate cytokine receptors expressed in human eosinophils likely contribute to the regulated release of cytokines stored within intracellular granules, in addition to functioning at the cell membrane in their traditional cell signaling capacities. Further studies are underway to determine whether cognate receptor trafficking is a mechanism utilized in the transport of additional cytokines and chemokines from human eosinophil granules.
In addition to protein recognition, eosinophils respond to lipid mediators and endogenous proteases. Eosinophils utilize multiple receptors for lipid recognition, including cysteinyl receptors (CysLT 1 and CysLT 2 receptors), the high-affinity prostaglandin type 2 (PGD 2 ) receptor, and PAF receptors (Fujii et al. 2005; Wang et al. 1999; Zinchuk et al. 2005) . Eosinophils also recognize and respond to prostaglandins (i.e. PGE 2 ) and leukotrienes (i.e. LTB 4 ). Eosinophilexpressed protease-activated receptors (PARs) enable eosinophil responses to proteases, such as trypsin and mast cell tryptase and chymase. PARs are G protein-coupled receptors with 7 transmembrane spanning regions that are stimulated by serine proteases. First recognized for their roles in clotting and platelet activation, the importance of proteaseactivated receptors (PARs) to additional processes, including wound healing and inflammation, are now widely recognized. Eosinophils express PAR-2 and PAR-3 (Miike et al. 2001) , and presumably PAR-1 as well (Tomimori et al. 2002) .
Eosinophil-expressed receptors for PAMPs and DAMPs
Of note, several eosinophil-expressed receptors for host inflammatory mediators also serve as pattern recognition molecules (PRMs), contributing to the eosinophil's capacity to directly recognize pathogen-associated molecular patterns (PAMPs). For example, eosinophils are directly activated by cysteine and serine proteases derived from mites and fungi through activation of eosinophil-expressed PARs. Whether eosinophil activation by pathogen-derived proteases is accomplished by signaling through one of the recognized PARs or a related, as yet unidentified, receptor (s) has not been determined. Similarly, eosinophilexpressed receptors for endogenous lipids also function in the recognition of pathogen-or allergen-associated lipids. Airborne pollens are associated with eicosanoid-like substances that cross-react with LTB 4 and PGE 2 antibodies in standard ELISA assays. In one study, such pollenassociated lipid mediators (PALMs) mediated eosinophil activation through an LTB 4 -dependent mechanism (Plotz et al. 2004) . Along the same lines, eosinophil-expressed β 2 integrins function not only in adherence of eosinophils to vascular endothelium but also in the adherence to β-glucan, a major fungal cell wall component .
In addition to endogenous receptors doubling as PRMs, eosinophils express traditional PAMP receptors, including several members of the Toll-like receptor (TLR) family. Among the TLRs reported to be expressed by human eosinophils are TLR 1, 2, 4, 5, 6, 7, and 9 (Wong et al. 2007) . Of note, expression of some of the TLRs (TLR2, TLR4) by human eosinophils has been a contentious issue in the literature, which may reflect donor-dependent and/or differential expression of TLRs by eosinophils. In support of this interpretation, Driss et al. found eosinophils from atopic donors to constitutively express TLR2 and 4, while eosinophils from healthy donors did not ). Ligands for TLR2 (peptidoglycan, BCG), TLR5 (flagellin), and TLR7/TLR8 (imiquimod R837, R-848) induced eosinophil secretion and other evidence of eosinophil activation Wong et al. 2007) .
Eosinophils are also equipped to respond to damageassociated molecular patterns (DAMPs). Eosinophils are attracted by, recognize and respond to products released by necrotic cells or damaged tissues, including high mobility group box 1 (HMGB1) (Lotfi et al. 2009 ) and crystalline uric acid (Kobayashi et al. 2010 ).
Receptors associated with antigen presentation
One mechanism by which eosinophils bridge innate and adaptive immunity is through antigen presentation functions, enabled by the stimulated expression of MHC class II molecules and co-stimulatory receptors, including CD80, CD86 and CD40L. Although resting eosinophils from peripheral blood are generally devoid of major histocompatibility complex MHC II expression, eosinophils primed ex vivo or isolated from the tissues of mice (Mawhorter et al. 1993) or humans (Beninati et al. 1993; Hansel et al. 1991; Lucey et al. 1989; Sedgwick et al. 1992 ) express detectable MHC II. Moreover, we have recently identified eosinophils to constitutively express Notch ligands ), a family of molecules implicated in the polarization of T cells toward Th1, Th2, or regulatory fates. Further studies are underway to determine the significance(s) of eosinophil Notch ligand expression to the development of adaptive immunity.
Innate immune functions of eosinophils
As seen in the previous section, eosinophils are uniquely outfitted with a preformed armamentarium of cytokines, chemokines, cationic proteins, growth factors, matrix metalloproteinases, lipid mediators and RNAses, stored primarily within intracellular granules. Secretion of preformed mediators endow eosinophils with the capacity to rapidly affect the immune microenvironment, cellular recruitment, tissue repair, remodeling and homeostasis, and direct anti-pathogen responses. Moreover, through expression of receptors recognizing a wide range of PAMPs and DAMPs, eosinophils recognize and are activated by pathogens and evidence of tissue damage. Indirectly through secretion of granule-derived mediators, and directly through cell-cell contacts, eosinophils also interact with innate and adaptive immune cells, including mast cells and T cells, connective tissue cells, and cells of the nervous system, to hone and modulate immune and tissue responses. Recent studies have further revealed eosinophils to expel mitochondrial DNA in conjunction with cytoskeletal materials, forming "extracellular traps" capable of immobilizing and neutralizing extracellular bacteria.
Effector functions of eosinophils can be divided into four categories: (1) terminal effector functions; (2) tissue remodeling; (3) immunomodulation; and (4) cellular interactions, and are described here. How these functions specifically contribute to innate immunity within the context of health and disease will be discussed in the last two sections.
Terminal effector functions of eosinophils
The earliest recognized functions of eosinophils related to the cytotoxic properties of their granule-derived cationic proteins. As will be described in the section ("Eosinophils in disease"), the cytotoxic effects of eosinophils are implicated in host defense mechanisms against helminth, viral and bacterial infections, and are responsible for collateral tissue damage ( Fig. 2a-d ).
Cationic proteins
MBP is a small single peptide (13.8 kD) with a highly basic nature due to a content of 17 arginine residues (PopkenHarris et al. 1998). The suggested cytotoxic mechanism of MBP involves binding of MBP to negatively charged cell membranes due to their very highly basic nature, changing the cell membrane charge, disordering the lipid bilayer and increasing the cell permeability. Among its effects, MBP was found to be toxic to helminths and airway epithelium, and to exert antibacterial effects (Hogan et al. 2008) . Both ECP and EDN were shown to have neurotoxic activities and can induce the Gordon phenomenon, characterized by a syndrome of stiffness and ataxia progressing to severe paralysis, when injected intrathecally (Durack et al. 1979; ). ECP exhibits neurotoxicity, and anti-viral, antibacterial and anti helminthic cytotoxicity. However, its RNase activity is essential for neurotoxicity and anti-viral host defense but not for antibacterial and anti helminthic activities (Hogan et al. 2008) . As a haloperoxidase, EPO can catalyze oxidation of halide substrates, such as bromide, chloride and iodide, and the pseudohalide thiocyanate into toxic molecules, such as hypochlorous, hypobromous, hypoiodous acids and hypothiocyanite (Thomas and Fishman 1986) , all known for their antibacterial and disinfectant properties.
Antibody-and complement-mediated cytotoxicity
Early in vitro studies of eosinophil cytoxicity against helminths, performed by Butterworth et al. (1975) , showed that activated human eosinophils mediated killing of schistosomula of Schistosoma mansoni, in a process requiring heat-inactivated sera from individuals with schistosome infection. Later on, IgG1 and IgG3 but not IgM, IgG2, or IgG4 subclasses were found to be effective in mediating this killing by human eosinophils (Khalife et al. Kaneko et al. (1995) confirmed those results in an elegant in vitro model of ragweed pollen allergen and showed that allergen-specific IgG1 and IgG3, but not IgG4, can induce degranulation and EDN release through FcγRII.
Complement components have also been shown to mediate eosinophil cytotoxicity. Eosinophils express receptors for complement, and complement components, such as C5a, are chemotactic for and activate eosinophils (Kay et al. 1973) . Aside from activation, complement has been shown to mediate in vitro killing of helminths, such as Schistosoma mansoni, by rat peritoneal cavity-derived eosinophils (Ramalho-Pinto et al. 1978) . Moreover, the adherence of eosinophils to helminths was shown to be due to the activation of complement at the schistosomular surface by the alternative pathway, and was mediated by complement C3 receptor.
Phagocytosis
Phagocytic capabilities of eosinophils have also been recognized. In the early 1960s, Archer and Hirsch (1963) performed in vitro studies on horse eosinophils using cinemicrophotography to demonstrate pahgocytosis by eosinophils. Eosinophils were attracted to and readily engulfed diverse materials such as yeast cell walls, foreign erythrocytes, and antigen-antibody precipitates. Specific antibody was required for phagocytosis of red cells, and greatly accelerated the uptake of yeast cell walls. Interestingly, horse eosinophil granules near to the phagocytic vacuole discharged their contents into or alongside the phagocytic vacuole. Granule disruption resulted in a clear zone and deposition of amorphous, phase-dense material. Cline et al. (1968) later showed in vitro phagocytosis of Gram-positive Staphylococcus aureus and Gram-negative Escherichia Coli bacteria, and living and dead Candida albicans, by human eosinophils purified from patients with eosinophilia. Eosinophils have also been shown to phagocytose and destroy parasites such as T. dionisii, but only in the presence of antiserum (Thorne et al. 1979 ). Eosinophilic phagocytosis is accompanied by degranulation and involves lysosomal enzymes, similarly to neutrophils. However, phagocytosis by eosinophils differs from neutrophilic phagocytosis both in efficacy and in mechanism. Phagocytosis by eosinophils occurs less efficiently than neutrophil phagocytosis. Moreover, as shown by Hatano et al. (2009) , while in vitro phagocytosis of opsonized heat-killed Staphylococcus aureus by neutrophils was CD16-and CD32-dependent, phagocytosis by eosinophils was dependent upon CD35.
Eosinophil-expulsed extracellular DNA traps
More recently, a unique mechanism of antibacterial activity was suggested for eosinophils, by releasing mitochondrial DNA-containing "traps" into the extracellular space (Yousefi et al. 2008) . Expulsion of extracellular traps from eosinophils involved release of mitochondrial DNA and cytotoxic granule-derived proteins, apparently without effects on eosinophil viability. Similar processes had previously been described for neutrophils and mast cells, but resulted in cell death. Generation of eosinophil-derived extracellular traps is induced by encounter of IL-5-or IFN-γ-primed eosinophils with Gram-negative LPS, by a mechanism dependent upon reactive oxygen species (Yousefi et al. 2008 ).
Tissue homeostasis, repair and remodeling
In addition to the direct pathogen-killing strategies described above, eosinophils contribute to many other aspects of innate immunity, including tissue homeostasis. The integrity and composition of tissues is an important part of innate immunity. For example, maintaining the integrity of epithelial barriers is essential to prohibiting pathogen entry, and the density and composition of connective tissue may impact the infectious potential of invading pathogens, as well as the effectiveness of innate immune defensive strategies. In addition to the tissue destructive effects of some eosinophil-derived mediators, eosinophils express cytokines and growth factors with tissue repair properties. Under a variety of physiological and pathological conditions, eosinophils interact with tissue components, maintaining tissue homeostasis, or mediating repair and remodeling. Eosinophil-mediated tissue repair may be beneficial, as in the case of eosinophil interactions with gastrointestinal epithelium (see "Eosinophils in health", and Fig. 3 ). However, excessive eosinophil infiltration can be associated with fibrotic consequences, as evidenced by airway remodeling in the lungs of patients with severe asthma, and in the development of endomyocardial fibrosis in patients with tropical pulmonary eosinophilia. Wound healing and tissue remodeling functions of eosinophils are also involved in immunity to helminths.
Defining mechanisms by which eosinophils accomplish tissue homeostasis, repair and remodeling events is currently an area of active research. Several common mechanisms have emerged from studies across multiple systems that implicate the eosinophil's vast supply of mediators with distinct effects on connective tissues and the vascular endothelium, including TGF-β, basic fibroblast growth factor (bFGF), Th2 cytokines (namely IL-4, IL-6, IL-9, IL-11, IL-13 and IL-17), matrix metalloproteinases (MMPs), and tissue inhibitors of MMPs (TIMPs) (Fig. 2f) . Within tissues, eosinophils may interact with epithelial cells, smooth muscle cells, fibroblasts and endothelial cells to affect epithelial barrier functions, epithelial and/or smooth muscle cell hyperplasia, myofibroblast differentiation, deposition of extracellular matrix materials, and angiogenesis.
Eosinophil-derived mediators with effects on tissue repair and remodeling
Although by no means an exhaustive list, several key eosinophil-derived mediators with demonstrated roles in tissue repair and remodeling are described here.
TGF-β1 TGF-β1, an immunosuppressive cytokine that also serves as a key regulator of tissue fibrosis, has received the most attention as an eosinophil-derived profibrotic factor. Eosinophils are a major source of TGF-β1, and are the predominant cellular source of TGF-β1 in asthmatic airways (Aceves and Broide 2008) and in the esophagus of pediatric eosinophilic esophagitis patients (Aceves et al. 2007 ). TGF-β1 promotes myofibroblast differentiation of both fibroblasts (Desmouliere et al. 1993; Mattey et al. 1997 ) and epithelial cells (Willis et al. 2005) , resulting in an over-abundance of extracellular matrix proteins, through enhanced production of fibronectin, proteoglycans and collagens I and III, and a decreased expression of collagenases (Aceves and Broide 2008) . Moreover, TGF-β1 promotes proliferation of smooth muscle cells (Doherty . In murine models, treatment with exogenous TGF-β1 or targeted overexpression of TGF-β1 mimics a fibrotic phenotype (Roberts et al. 1986; Sime et al. 1997 ) and neutralization of this cytokine abrogates bleomycin-induced fibrosis (Giri et al. 1993 ).
Th2 cytokines Many of the cytokines expressed by eosinophils have pro-fibrotic properties. Second to TGF-β1, the cytokine most clearly associated with fibrotic activities of eosinophils in vivo is IL-13. Inhibition of IL-13 attenuates airway inflammation and responsiveness in murine asthma models (Wills-Karp 2004) , while overexpression of IL-13 in the lung induces multiple aspects of airway remodeling, including subepithelial fibrosis, goblet cell metaplasia, and smooth muscle cell hyperplasia (Fulkerson et al. 2006b ). Importantly, when fibrosis-prone IL-13 transgenic mice were crossed to CCR3-deficient mice (exhibiting a 98% reduction in pulmonary eosinophils), the IL-13-mediated mucus cell metaplasia and collagen deposition were attenuated (Fulkerson et al. 2006b ), demonstrating that eosinophil-derived IL-13 may play a central role in tissue remodeling, at least in the airways.
MMPs MMPs exist in soluble forms or as membraneanchored proteinases, and function in the degradation of collagen, enabling the migration of inflammatory cells and contributing to ECM reorganization in connective tissues and basement membranes. TIMPs inhibit MMP functions, thus preventing collagen degradation and reorganization. Eosinophils store and secrete soluble MMP-9 and TIMP-1 (Dahlen et al. 1999) , and constitutively express membranebound MMP17 (Gauthier et al. 2003) . Increased expression of activated MMP9 is detected following allergen challenge, and in the airways (Han and Junxu 2003) , sputum and bronchoalveolar lavage fluid (BALF) (Ko et al. 2005; Simpson et al. 2005 ) of asthmatics, and correlates with eosinophil infiltration (Dahlen et al. 1999) .
Cationic proteins In addition to their tissue destructive properties, eosinophil-derived MBP and EDN can participate in tissue remodeling. EDN promotes fibroblast proliferation (Puxeddu et al. 2005b) , and MBP synergizes with IL-5 and TGF-β to enhance fibroblast expression and secretion of IL-6 and IL-11 (Gomes et al. 2005; Le et al. 2007 ).
Eosinophils promote angiogenesis
Although blood vessels in adult mammals are generally quiescent, endothelial cells retain their capacity for rapid proliferation in response to physiologic stimuli such as hypoxia and inflammation, enabling the generation of new vessels and remodeling of the vascular tree. Angiogenesis is the process by which new vessels grow from existing ones, and is controlled by the balance of angiogenic inhibitors and pro-angiogenic factors within the vessel microenvironment. Among the most potent pro-angiogenic factors are vascular endothelial cell growth factor (VEGF) family members (previously termed vascular permeability factor, or VPF) (Senger et al. 1983 ). Thrombospondin and endostatin are major inhibitors of angiogenesis (Gupta et al. 1999; O'Reilly et al. 1997) , and antagonize the functions of VEGF (Yamaguchi et al. 1999) . Included within the preformed content of eosinophils are several pro-angiogenic factors, including VEGF, bFGF, IL-6, IL-8, GM-CSF, platelet derived growth factor (PDGF), TGF-β and angiogenin (reviewed in Aceves and Broide 2008; Detoraki et al. 2010) . Eosinophils are stimulated to release pro-angiogenic factors upon encountering TNF-α (Ohno et al. 1997) or IL-5 and GM-CSF (Horiuchi and Weller 1997) in culture. In vitro, eosinophils promoted endothelial cell proliferation and new vessel formation in the chick embryo chorioallantoic membrane model, and neutralization of eosinophil-derived VEGF inhibited angiogenesis by 55% (Puxeddu et al. 2005a) . Angiogenic processes are prominent in several pathological conditions associated with eosinophilia, including asthma. An increase in peribronchial vessels and leaky vessels is seen in asthmatic airways, accompanied by an increase in pro-angiogenic angiogenin, VEGF-A and bFGF expression (Hoshino et al. 2001b ), co-localizing with eosinophils (Hoshino et al. 2001a ).
Eosinophils as immunomodulators
Eosinophils have long been associated with effector functions of Th2 immune responses in allergic diseases and infections with helminth parasites. In the classic paradigm, IL-5-secreting Th2 lymphocytes recruit eosinophils to tissue sites, where terminal effector functions mediated by eosinophil cationic proteins contribute to parasite killing and tissue damage. However, it is now clear that eosinophils are associated not only with the effector arm of adaptive immunity but also in the elicitation of polarized adaptive responses (Fig. 2e) . Evidence to date implicates eosinophils primarily in the initiation and elaboration of Th2-type responses. However, it is yet to be determined whether this reflects an artificial skewing by the specific antigens utilized in experimental studies, or represents a true proclivity of eosinophils toward Th2 immunity. Eosinophils provide immunoregulatory signals very early in an immune response, and continue to function at later time points to engage and regulate T cells in a dynamic interplay with the adaptive immune system. We have recently reviewed this topic in greater detail, specifically with respect to the induction of Th2 immunity (Spencer and Weller 2010) .
Early immunoregulatory signals
Early immunoregulatory signals from eosinophils include: (1) secretion of immunomodulatory cytokines; (2) modulation of immature dendritic cells; (3) inhibition of Th1 development through expression of indoleamine 2,3-dioxygenase; and (4) activation of naïve T cells through direct antigen presentation functions. Most in vivo studies investigating early immunoregulatory functions of eosinophils to date have been performed using murine systems.
As detailed in the previous section, eosinophils store and rapidly secrete a vast array of cytokines and chemokines with distinct immunomodulatory capacities. Circulating murine eosinophils express a constitutively active IL-4 gene locus (Shinkai et al. 2002; Voehringer et al. 2004 ), produce early IL-4 and IL-13 mRNA and proteins (Gessner et al. 2005) , and are among the first cells recruited in response to allergens or Th2-eliciting pathogens, independently of adaptive immunity (Sabin and Pearce 1995; Shinkai et al. 2002) . Eosinophils are the predominant source of IL-4 within the lungs following infection with Nippostrongylus brasiliensis or intranasal installation of OVA (Shinkai et al. 2002; Voehringer et al. 2006) , and within the peritoneal cavity following i.p. inoculation with Schistosoma mansoni eggs (Sabin et al. 1996) . Thus, eosinophils can establish the cytokine milieu within a tissue microenvironment very early in infection, influencing subsequent cellular recruitment and the immune polarizing phenotype of immature dendritic cells. In addition to signaling dendritic cells through immune-polarizing cytokines, eosinophils secrete EDN, which acts as an alarmin, inducing differentiation of immature dendritic cells to a Th2-promoting phenotype (Yang et al. 2008) .
In murine models, eosinophils migrate from tissue to draining lymph nodes, where they co-localize with T cells (Duez et al. 2004; MacKenzie et al. 2001; Shi et al. 2000 Shi et al. , 2004 van Rijt et al. 2003) . Within secondary lymphoid tissues, eosinophils may instruct the developing immune response through eosinophil-expressed mediators, and through direct antigen presentation functions. Human eosinophils express indoleamine 2,3-dioxygenase (IDO) (Odemuyiwa et al. 2004) , an enzyme that catalyzes the catabolism of tryptophans to kynurenines. Metabolites of tryptophan catabolism specifically induce apoptosis in Th1 cells (Fallarino et al. 2002; Gurtner et al. 2003; Terness et al. 2002) , thereby favoring the generation of Th2 lymphocytes.
Eosinophils are antigen presenting cells
Studies in mice and humans also support a role for eosinophils as professional antigen presenting cells (APCs) (reviewed in Akuthota et al. 2008) . In vivo, eosinophils isolated from the BAL fluid of a patient with eosinophilic pneumonia (Beninati et al. 1993) , from the sputum of asthmatics (Hansel et al. 1991) , or from allergic rhinitis patients after undergoing segmental lung allergen challenge (Sedgwick et al. 1992) , all express surface MHC II. Peripheral blood eosinophils exposed to superantigen or tetanus toxoid were sufficient to induce antigen-specific T cell proliferation, and prior fixation of eosinophils before (but not following) antigen exposure abrogated the response, demonstrating that active antigen processing by eosinophils was required for the observed T cell activation .
Likewise, mouse eosinophils isolated from draining lymph nodes following airway challenge (Duez et al. 2004) , or from mice infected with the parasitic nematode Brugia malayi (Mawhorter et al. 1993) , expressed surface MHC II and co-stimulatory molecules, including CD86 and CD40. Using murine models, eosinophils activated T cell clones and hybridomas (Del Pozo et al. 1992 ) as well as naïve or antigen-primed primary T cells (Padigel et al. 2006) in an antigen-specific manner. In vivo, eosinophils pulsed with antigen and adoptively transferred into naïve or immunized mice successfully primed (or boosted) recipients against Strongyloides stercoralis (Padigel et al. 2007) , and antigen-loaded eosinophils instilled into the trachea of recipient mice induced T cell expansion in endobronchial lymph nodes (Shi et al. 2004; Wang et al. 2007a) .
In contrast to significant evidence in favor of the capacity of eosinophils for antigen presentation, one study failed to observe eosinophil-dependent T cell activation. Van Rijt et al. isolated eosinophils from the bronchoalveolar lavage fluid of OVA-challenged mice, and upon adoptive transfer of eosinophils, were unable to detect T cell expansion in the draining lymph nodes of recipient mice (van Rijt et al. 2003) . Importantly, prior to transfer of eosinophils to recipient mice, the authors utilized a standard method of red blood cell lysis using an ammonium chloride solution. However, an unfortunate side effect of ammonium chloride is that it interferes with lysosomal antigen processing and MHC II-dependent peptide presentation (Loss and Sant 1993; Ziegler and Unanue 1982) . Therefore, technical issues are likely the explanation for the discrepant results. In support of this interpretation, in a follow-up study, Wang et al. 2007a demonstrated that antigen-exposed eosinophils adoptively transferred into recipient mice successfully primed naïve T cells, and that prior exposure of eosinophils to ammonium chloride was sufficient to abrogate this effect.
Eosinophil-T cell interactions throughout an immune response
Th2 cell-secreted IL-5 and CCL11 (eotaxin) promote eosinophil differentiation and recruitment, respectively, and are responsible for tissue eosinophilia. However, recent studies in murine models of Th2-eliciting parasitic infections reveal that, in some systems, an early wave of IL-4-producing tissue eosinophils is observed prior to the arrival of Th2 cells (Sabin and Pearce 1995; Sabin et al. 1996; Shinkai et al. 2002; Voehringer et al. 2004 Voehringer et al. , 2006 . Interestingly, T cell recruitment and accumulation was impaired following airway allergen challenge in mice deficient in eosinophils, whether the eosinophil defect was due to genetic deficiency (Fulkerson et al. 2006a; Jacobsen et al. 2008; Lee et al. 2004; Walsh et al. 2008) or through depletion of the CCL11 receptor, CCR3 (Fulkerson et al. 2006a) , accompanied by decreases in Th2-associated cytokines (Fulkerson et al. 2006a; Jacobsen et al. 2008; Lee et al. 2004; Walsh et al. 2008 ) and diminished pathologic outcomes, including mucus production (Fulkerson et al. 2006a; Lee et al. 2004) . Full restoration of the Th2 phenotype in eosinophil-deficient hosts required adoptive transfer of both T cells and eosinophils (Jacobsen et al. 2008; Walsh et al. 2008 ); transfer of Th2 cells alone was insufficient (Jacobsen et al. 2008) , suggesting the contributions of eosinophils to T cell accumulation included more than immunoregulatory functions promoting Th2 differentiation. Rather, in both studies, the T cell deficiencies were attributed to the absence of eosinophil-derived chemokines (Jacobsen et al. 2008; Walsh et al. 2008) .
In addition to promoting the specific tissue recruitment of Th2 lymphocytes, eosinophils may enhance the function of T cells within the tissues. Eosinophils and basophils have been shown to be sources of IL-25, a cytokine with multiple effects, including increasing Th2 polarization, proliferation and cytokine production of T cells (Wang et al. 2007b ). Enhanced IL-25-induced production of T cell-derived IL-5 may in turn support further eosinophilic differentiation and tissue recruitment. Both naïve T cells and Th2 memory cells respond to IL-25. Due to enhanced expression of IL-25 receptors specifically by Th2 memory cells, these cells are especially susceptible to IL-25 signaling. As Th2 memory cells have been shown to be the subset of critical importance in acute allergic responses following allergen re-exposure, eosinophil-derived IL-25 may represent an important axis in modulating T cell activities in allergic responses.
Eosinophil interactions with other immune cells
Eosinophil-mast cell axis
Eosinophils and mast cells are major players in Th2-mediated allergies and parasite infections. An "eosinophilmast cell axis" has been described whereby the two innate immune leukocytes interact to enhance their respective capabilities. The mast cell-specific protease chymase recruits eosinophils into tissue sites, suppresses eosinophil apoptosis, and promotes the secretion of eosinophil-derived cytokines and chemokines (Wong et al. 2009 ). Mast cells also secrete eosinophilopoietins including GM-CSF, IL-3, IL-5 and TNF-α (Levi-Schaffer et al. 1998; Shakoory et al. 2004) .
Reciprocally, eosinophil-derived stem cell factor (SCF) induces activation, differentiation, maturation and survival of mast cells. A recent study suggests mediator exchange between mast cells and eosinophils may occur through direct cell-cell contacts (Matsuba-Kitamura et al. 2010).
Eosinophils and dendritic cells
Eosinophil-derived mediators are implicated in dendritic cell (DC) recruitment, activation and modulation of function. In a mouse model of allergic lung inflammation, eosinophils were found to be the most prominent source of the CCR1 ligands C10 and macrophage inflammatory protein (MIP)-1γ. Lung infiltration by CCR1-expressing CD11b high DCs occurred concurrently with the dominant eosinophil production of CCR1 ligands (Rose et al. 2010) . Therefore, activated lung eosinophils are likely key players in attracting CCR1+ dendritic cells to inflammatory sites. Moreover, eosinophils are implicated in the promotion of a Th2-inducing phenotype in immature DCs. While mechanisms of DC maturation leading to Th1 immunity are defined, mechanisms promoting Th2 immune responses remain enigmatic. Eosinophils contribute to the induction of Th2 immune responses in multiple ways, as discussed above. One function relates to their capacity to activate local DCs specifically to adopt a Th2-promoting phenotype. Eosinophil-derived EDN acts as an innate immune alarmin, with the capacity to recruit (Yang et al. 2003 ) and activate ) DCs in a TLR-2-dependent manner (Yang et al. 2008) . Of note, 2 μg/mL of EDN induced the upregulation of co-stimulatory molecule expression and cytokine production from monocyte-derived DCs as robustly as 1 μg/mL of LPS, although with a skewing toward Th2 immunity, as evidenced by decreased IL-12 production in EDN-activated DCs compared with LPS-activated DCs (Yang et al. 2008 ).
Eosinophils and B lymphocytes
Although eosinophil-T cell cross-talk is now well established (see above), perhaps less well recognized are potential interplays between eosinophils and B lymphocytes. One example of such an interplay is seen in studies utilizing alum. Aluminum-containing compounds (e.g., alum) are routinely used to elicit an effective immune response to vaccines. Although the precise mechanism(s) by which alum successfully awakens the immune system is still unclear, antigen-free alum is known to elicit early priming of splenic B cells in a process relying upon a myeloid population of IL-4-producing Gr-1+ cells (Jordan et al. 2004 ), now identified to be eosinophils . In a murine model of i.p. alum injection, Wang and Weller demonstrated aluminduced eosinophil recruitment to the spleen, in conjunction with eosinophil-dependent early priming of MHC IImediated Ca2+ fluxes in splenic B cells and antigenspecific IgM production . These findings carry important implications, both in the recognition of eosinophils as participants in adjuvant-elicited immune responses and in the identification of immunomodulatory functions of eosinophils affecting early stages of B cell activation and IgM production. Earlier studies from Abraham et al. (1995) suggested B cell activatory functions of eosinophils in immunity of the murine host to larval Strongyloides stercoralis, where the eosinophil deficiency of IL-5 knockout mice corresponded to a loss of IgMmediated protective immunity. IgM-mediated host protection was restored upon reconstitution of eosinophils at the time of immunization (Galioto et al. 2006; Herbert et al. 2000) .
Eosinophils in disease
Eosinophils are best known for their roles in anti-helminth immunity and allergic diseases. However, eosinophils are also effective combatants in some anti-bacterial and antiviral responses. How the innate immune functions of eosinophils (i.e. terminal effector functions, immunomodulation, and tissue remodeling) participate in specific disease processes are discussed here. Figure 2 summarizes multiple immune functions of eosinophils in relation to specific pathogens.
Eosinophils and host defense against helminths
Eosinophil-mediated host defense against helminths was originally ascribed to terminal effector functions of eosinophils. It is now becoming evident that additional aspects of the immunobiology of eosinophils also contribute to host immunity to parasites, including eosinophil-dependent effects on immunomodulation. Eosinophils and host defenses against helminths have been reviewed in greater detail by Klion and Nutman (2004) .
Eosinophil terminal effector functions in anti-helminth immunity
Eosinophils are perhaps best recognized for their association with parasitic helminth infections. The presence of eosinophils in association with dead or dying parasites has been noted for over 70 years (Taliaferro and Sarles 1939) , and led to the hypothesis that eosinophils were directly cytotoxic to helminths. Numerous in vitro studies give credence to this hypothesis, and implicate eosinophil granule-derived cationic proteins (e.g. MBP, ECP, EDN, EPO) in eosinophil-mediated parasite killing (Butterworth et al. 1979; Hamann et al. 1990 ) in the presence of antibody and/or complement (David et al. 1980; Haque et al. 1981; Kazura and Grove 1978) (Fig. 2b) .
However, despite substantial data from in vitro assays, convincing evidence for direct eosinophil-dependent killing of parasites in vivo has been less forthcoming. In support of a non-redundant effector role for eosinophils, in vivo studies applying different methods to block eosinophil accumulation at sites of parasite infection demonstrated host protective roles for eosinophils against infections with Angiostrongylus cantonensis, Brugia malayi, Strongyloides stercoralis and Litomosoides sigmodontis (Sasaki et al. 1993; Yoshida et al. 1996; Simons et al. 2005; Ramalingam et al. 2003) . For example, when S. stercoralis larvae, encased in diffusion chambers, were implanted into the subcutaneous tissue of mice, eosinophils accumulated within the chambers concurrently with larval killing (Abraham et al. 1995; Rotman et al. 1996) , and prevention of eosinophil accumulation through treatment with anti-IL-5 antibodies abrogated both eosinophil infiltration and parasite death (Abraham et al. 1995; Herbert et al. 2000; Rotman et al. 1996) .
The most prominent indication that eosinophils, and specifically their granular proteins, are a hallmark of the anti-helminth response came from Specht et al. (2006) . This study showed that mice deficient for either EPO or MBP developed significantly higher worm burdens than wild-type mice after infection with the rodent filaria Litomosoides sigmodontis.
In contrast, studies of murine infections with Schistosoma mansoni and Toxocara canis failed to support a nonredundant function for eosinophils in helminth infections (Sher et al. 1990; Swartz et al. 2006) , and infections with Trichinella spiralis have generated conflicting results. Unlike most helminths, Trichinella exists in its mammalian host in two developmental states. Ingested larvae pass into the small intestines, where they mature to adulthood. Newborn larvae are then shed by adult females into the lymph or blood, and are carried to skeletal muscle, where they form nurse cells. Therefore, immune responses are generated in the gastrointestinal system in response to adult parasites, and in skeletal muscle in response to nurse celllarval complexes. Mice depleted of eosinophils through CCR3 deficiency exhibited an increase in cyst number in the skeletal muscle, and an increase in the frequency of live encysted larvae, suggesting eosinophils might be involved in limiting larval cysts (Gurish et al. 2002) . However, infection of two strains of mice genetically engineered to be entirely deficient in eosinophils exhibited decreased larval survival, suggesting that the presence of eosinophils was actually beneficial to the survival of encysted larvae. In this study, the authors proposed that the presence of eosinophils, even at very low numbers (as may be seen in CCR3 -/-mice), is sufficient to maintain a larval-protective Th2 milieu, while in the complete absence of eosinophils, the ensuing Th1 response is destructive to larval cysts (Fabre et al. 2009 ).
Eosinophils contribute to anti-helminth immunity through non-cytotoxic methods
Highlighting the potential of eosinophils to function in the modulation of the immune microenvironment, eosinophils were found to be the most prevalent IL-4-producing cell within the lungs of Nippostrongylus brasiliensis infected mice (IL-4-expressing basophils and Th2 cells were also present in lower numbers) (Voehringer et al. 2004) , and were rapidly recruited to the lungs of Rag -/-hosts, indicating that eosinophil recruitment does not depend upon an intact adaptive immune system (Shinkai et al. 2002) . Of note, despite their quantitative dominance within the lungs, eosinophil-derived IL-4 is dispensable to development of systemic Th2 immunity in this model (Voehringer et al. 2006) . Of note, both MBP-and EPO-deficient mice, lack IL-4, suggesting that MBP and EPO, aside from cytotoxic effects, may affect the cytokine milieu and modulate the Th2 response towards helminths (Specht et al. 2006) .
Eosinophil antigen presentation functions have been implicated in host immunity to parasites, both in vitro and in vivo. For example, Padigel and colleagues injected antigen-loaded eosinophils intraperitoneally into naïve recipient mice and demonstrated induction of an antigenspecific immune response against Strongyloides stercoralis antigens (Padigel et al. 2007 ).
In addition, it was previously shown that eosinophils contribute to secondary but not primary-acute infections with some helminthes (Korenaga et al. 1991; Voehringer et al. 2006 ). This idea of eosinophils contributing to host immunity upon reinfection is strengthened by observations within populations by Hagan et al. (1985) showing that Gambian children with high eosinophil counts were less likely to be reinfected than those with lower counts at all levels of exposure categories. In the case of secondary infections with S. stercoralis in mice, eosinophils function through enhancing B lymphocyte activity. Herbert et al. (2000) noted that, in contrast to wild-type mice, IL-5 deficient mice failed to mount a protective immune response against a challenge infection with S. stercoralis, and exhibited a defect in parasite-specific IgM. Reconstitution of IL-5 knock-out mice with eosinophils at the time of immunization partially restored antigen-specific IgM to a level sufficient to fully restore a protective phenotype.
Collectively, these studies suggest that non-redundant functions of eosinophils in vivo tend to target those helminths with tissue migrating stages. Importantly, antihelminthic roles of eosinophils involve immunomodulatory capacities in addition to terminal effector functions of eosinophils.
Eosinophils and allergic diseases
Eosinophils are well-known for their association with allergic diseases, including those affecting the skin (e.g., atopic dermatitis), respiratory system (e.g., rhinosinusitis, atopic asthma) and gastrointestinal tract (e.g., eosinophilic esophagitis, eosinophilic gastroenteritis). Defined and proposed roles of eosinophils in many of these conditions have been extensively reviewed elsewhere, and will not be addressed in depth here. However, it is pertinent to the current discussion to view the eosinophil activities of terminal effector functions, modulation of adaptive immunity and tissue repair and remodeling processes within the context of allergic diseases.
Granule-derived cationic proteins, such as MBP, are found in bronchoalveolar lavage fluid of asthmatics, within the skin of atopic dermatitis lesions, and within intestinal tissues of patients with eosinophilic infiltrates, causing damage to epithelial and nerve cells. Eosinophilderived cationic proteins, including MBP, also stimulate degranulation of mast cells and basophils, further perpetuating the allergic milieu. Eosinophil-derived lipid mediators (i.e. cysteinyl leukotrienes) increase vascular permeability, promote mucus secretion, and cause smooth muscle cell constriction, while reactive oxygen species elaborated from eosinophils may injure cells of the mucosa. Thus, eosinophil terminal effector functions can exacerbate inflammation and clinical outcomes in response to allergens.
In addition to these cytotoxic effector mechanisms, eosinophils affect adaptive immunity generated in response to allergenic provocation. Perhaps the most well-studied example is found in murine models of asthma. In wild-type mice, allergen-induced airway inflammation is characterized by a Th2 immune bias that is diminished in association with impaired eosinophil recruitment in CCR3-deficient, CCL11/CCL24 double-deficient and IL-5/CCL11 doubledeficient mice (Fulkerson et al. 2006a; Mattes et al. 2002) , and in two distinct strains of mice on the C57BL/6 background genetically engineered to be devoid of eosinophils (Jacobsen et al. 2008; Lee et al. 2004; Walsh et al. 2008 ). In the latter cases, a defect in Th2 effector cell recruitment was also observed that was restored upon adoptive transfer of eosinophils (Jacobsen et al. 2008; Walsh et al. 2008) . Of note, in contrast to their C57BL/6 counterparts, eosinophil-deficient ΔdblGATA1-/-mice on the BALB/c background exhibited no obvious defects in Th2 cell induction in response to airway allergen challenge (Humbles et al. 2004) .
Tissue remodeling events are also critical components of allergic diseases, including asthma and eosinophilic esophagitis. Mouse models accomplishing a complete absence of eosinophils support non-redundant roles for eosinophils in the extensive airway remodeling accompanying allergic airways inflammation (Humbles et al. 2004) . Confirmation in human subjects is lacking, likely due to inefficiencies in eosinophil depletion strategies (reviewed in Kay et al. 2004) . One study administering a single dose of anti-IL-5 antibody failed to detect any improvement in asthma symptoms (Leckie et al. 2000) . However, despite success in reducing blood and sputum eosinophilia, anti-IL-5 treatments only partially deplete eosinophils from lung tissue. For example, three infusions of a humanized anti-IL-5 antibody (mepolizumab), although robustly reducing peripheral and BAL eosinophils, achieved only a 55% reduction in eosinophil numbers within the bronchial mucosa. This partial reduction in the bronchial mucosa was sufficient to attenuate some aspects of tissue remodeling, evidenced by decreased deposition of matrix materials, including lumican, tenascin and procollagen III within the reticular basement membrane in comparison to placebo-treated patients. This study was not powered to investigate clinical outcomes (Flood-Page et al. 2003a, b) . Thus, in both murine and human studies, eosinophils are implicated in tissue remodeling events associated with asthma. However, the extent to which eosinophil-mediated remodeling contributes to clinical outcomes in humans remains controversial, and further studies are underway to assess the efficacy of eosinophil depletion strategies in asthma.
Eosinophils and host defense against bacteria
During the last two decades, several reports have shown anti bacterial activity of eosinophils toward ingested bacteria, or through the release of eosinophil-derived bactericidal mediators toward extracellular bacteria. Lehrer et al. (1989) have shown that MBP and ECP cause permeabilization of outer and inner membranes of Escherichia coli. In addition, this study suggested that eosinophil cytoplasmic granules translocate their content of ECP and MBP into phagocytic vacuoles in order to kill ingested bacteria. A different killing mechanism was suggested by Nakajima et al. (2001) showing that eosinophil RNases have bactericidal activity against E. coli and Staphylococcus aureus in vitro. In addition, eosinophils demonstrated a rapid and efficient killing of E. coli in vitro through superoxide production in a nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-and EPO-(but not nitric oxide) dependent manner (Persson et al. 2001) . Collectively, all cationic granule proteins have been shown to elicit in vitro bactericidal activity. Interestingly, Gram-negative and Gram-positive bacteria have been shown to activate eosinophils, especially E. coli that can induce eosinophil chemotaxis, degranulation and respiratory burst. MBP and EPO were readily released from eosinophils, even in the presence of only low numbers of bacteria, whereas higher bacterial loads were required for the release of ECP (Svensson and Wenneras 2005) . Likewise, it was recently shown that isolated mouse eosinophils possess anti-pseudomonal properties in vitro through the release of cationic secondary granule proteins. In addition, hypereosinophilic IL-5 transgenic mice exhibited improved clearance of Pseudomonas aeruginosa introduced into the peritoneal cavity, while eosinophil-deficient mice showed impaired bacterial clearance that improved after adoptive transfer of eosinophils. Administration of eosinophil granule extracts significantly enhanced bacterial clearance in vivo (Linch et al. 2009 ). As described in the Innate immune functions of eosinophils section above, eosinophils also release extracellular nets, comprised of mitochondrial DNA and granule-derived proteins, that effectively trap and kill bacteria (Yousefi et al. 2008 ).
Eosinophils and host defense against viruses
In the last decade, several studies have revealed roles for eosinophils in anti-viral defense. In vivo, hypereosinophilic mice (IL-5 Tg) were shown to be more efficient at clearing human respiratory syncytial virus (RSV) from the lungs compared to wild-type mice (Phipps et al. 2007) . Likewise, in a rodent model of pneumonia virus of mice (PVM) infection, eosinophil infiltration into the airways was correlated with improved recovery and associated with local expression of mouse eosinophil-associated RNase 11 (Domachowske et al. 2000a, b; Garvey et al. 2005) .
In vitro studies suggest that anti-viral defense mechanisms of eosinophils utilize eosinophil-derived ribonuclease activity and other terminal effector functions, as well as immune modulatory capacities of eosinophils. Domachowske et al. (1998) showed that co-culture with intact eosinophils or recombinant human EDN alone can decrease human respiratory syncytial virus group B (RSV-B) infectivity. This antiviral effect was reversed by a ribonuclease inhibitor, suggesting a role for the eosinophil secretory ribonucleases in the clearance of RNA viruses. Indeed, recently, a targeted human EDN construct showed promising results in inhibiting hepatitis B virus (HBV) replication in hepatic cells through EDN RNase activity (Li et al. 2010) . In addition to RNase activity, eosinophils have at their disposal alternative mechanisms for killing ssRNA viruses, such as production of nitric oxide, as shown by a murine model of hRSV infection. ssRNA binding to TLR7 on murine eosinophils mediated RSV clearance from the lungs in a MyD88 signaling-dependent manner. TLR7-MyD88 signaling induces expression of IFN regulatory factor (IRF)-7, NOS-2, and IFNβ in addition to eosinophilassociated ribonucleases EAR-1 and EAR-2, all molecules known to be involved in anti-viral host defense mechanisms (Phipps et al. 2007 ). Moreover, GM-CSF-stimulated human eosinophils were shown to bind rhinovirus RV16 ex vivo through ICAM-1. Eosinophils in co-culture with RV16 and T cells presented RV16 peptides to the antigen-specific T cells, inducing T cell proliferation and IFN-γ production, suggesting eosinophils may function as antigen presenting cells in viral infections (Handzel et al. 1998) .
In addition to anti-viral functions of eosinophils, viral infections are correlated with allergic responses. Early-life respiratory viral infection in mice and humans is associated with recurrent respiratory sensitivities, including asthma, in later life. Furthermore, viral infections often trigger acute onset or exacerbations of asthma. The link between exacerbation of lung inflammation and viral pathogenesis may involve eosinophils. Mansson and Cardell (2009) showed that virus-induced activation of eosinophils, through TLR7 and TLR9, affects several eosinophil functions, such as release of EDN, promotion of airway epithelial cell death, and cytokine release, all effects known to participate in asthma and allergy pathology. Likewise, stimulation through TLR7/8 induced superoxide anion production by eosinophils (Nagase et al. 2003) . Conversely, IL-5 primed eosinophils (phenotypically similar to eosinophils from atopic individuals) exhibited enhanced TLR7-and TLR9-mediated release of IL-8 and EDN, suggesting the presence of atopy may augment an eosinophil-mediated antiviral response.
Eosinophils and host defense against fungi
Eosinophils accumulate in the bronchoalveolar lavage of allergic bronchopulmonary aspergillosis patients, albeit to a lesser extent than neutrophils (Greenberger et al. 1988) . Nevertheless, extracts from Alternaria and Penicillium induce calcium-dependent EDN release from eosinophils. In addition, Alternaria extract increases intracellular calcium concentrations, cell surface expression of CD63 and CD11b, and production of IL-8 from eosinophils in a pertusis toxin, PAF and formyl-methionyl-leucyl-phenylalanine (fMLP) receptor-dependent manner. In the same study, Alternaria extract failed to activate neutrophils, showing the response to be eosinophil-specific (Inoue et al. 2005) . In a follow-up study, the same group found that Alternaria alternata produces aspartate proteases that cleave PAR-2 on eosinophils, exposing neo-ligands. These neo-ligands activate eosinophil degranulation and EDN release from eosinophils (Matsuwaki et al. 2009 ). Interestingly, although eosinophils do not express common fungal receptors, such as dectin-1 and lactosylceramide, human eosinophils were found to adhere to Alternaria alternara through binding to the major cell wall component, beta-glucan, through eosinophilexpressed CD11b integrin . CD11b integrin-mediated adherence was required for eosinophil release of cytotoxic granule proteins, such as EDN and MBP, and chemokines such as MCP-1, IL-8, and MIP-1α, into the extracellular milieu and onto the surface of fungal organisms, mediating fungi killing in a contact-dependent manner (Fig. 2d ).
Eosinophils and tumors
Many types of human cancer are associated with extensive eosinophilia, either within the tumor itself, in the peripheral blood, or in both locations. CCL11 (eotaxin) is detected in the stroma associated with some tumors, suggesting eosinophils may be actively recruited. Alternatively, since eosinophils are attracted to sites of cellular necrosis, eosinophil accumulation may be a byproduct of tumor cell death. In support of the latter, a recent study by Cormier et al. (2006) using a B16-F10 melanoma cell injection model demonstrated early CD4 + T cell-independent recruitment of eosinophils specifically into the necrotic regions of the tumor mass. That eosinophil accumulation did not depend upon Th2 cells suggests an innate, inflammatory mechanism of eosinophil recruitment driven by chemotactic effects of the necrotic tissue (Cormier et al. 2006) . Consequences of eosinophils within tumor sites remain enigmatic. Relatively few studies to date have specifically investigated the participation of eosinophils in cancer. Those studies that have addressed effects of eosinophilic infiltration on tumor growth and regression have arrived at conflicting conclusions, finding the presence of eosinophils to be beneficial in some cancer models, and predictive of a less favorable outcome in others. These conflicting results may not be surprising when one considers the varied innate immune functions of eosinophils as detailed throughout this text.
In favor of anti-tumor roles for eosinophils, high numbers of infiltrating eosinophils have been associated with increased survival in patients with esophageal squamous cell carcinoma, gastric cancer, head and neck cancer and colorectal carcinoma , and several studies have shown that efficacious IL-2 treatments were associated with hypereosinophilia (Lotze et al. 1986; West et al. 1987) . Some studies using eosinophil-overexpressing or -ablated mice further support a role for eosinophils in tumor regression. Tumor incidence and growth of methylcholanthrene (MCA)-induced fibrosarcomas was significantly attenuated in IL-5 transgenic mice compared to wild-type mice, and the diminished tumors were associated with massive infiltration of eosinophils within and surrounding tumors. Likewise, a higher tumor incidence was observed in CCL11-deficient, IL-5/CCL11-double-deficient, and ΔdblGATA mouse strains. Subsequent in vitro studies found that eosinophils could directly kill MCA-induced fibrosarcoma cells, suggesting a potential role for the eosinophil as an effector cell in tumor immune surveillance .
One suggested anti-tumor mechanism of eosinophils is direct cytotoxicity, either through granule-derived toxic mediators (Huland and Huland 1992) or antibody-dependent cell lysis (Porta et al. 1998) .These mechanisms are supported by in vitro observations in human tumors showing effective tumor cytotoxicy by intact human eosinophils, or by purified granule proteins, such as MBP (Kubo et al. 1999) . FurbertHarris et al. (2003b) showed direct cytotoxicity of eosinophils towards MCF-7 multicellular tumor spheroids (MTS) by in vitro co-culture of tumor cells with eosinophils in the presence of exogenous IL-4. In addition, peripheral blood eosinophils from allergic and asthmatic individuals, or eosinophil conditioned media, have been shown to inhibit prostate tumor cell growth in vitro (Furbert-Harris et al. 2003a) . Moreover, Legrand et al. demonstrated expression of functional gamma-delta T cell receptors on the surface of eosinophils, stimulation through which led to release of reactive oxygen species, EPO and EDN granule proteins and cytokines, and was implicated in eosinophil-mediated cytotoxicity against tumor cells ).
Another potential anti-tumor function of eosinophils may reside in their capacities for immunomodulation. Eosinophils are traditionally associated with Th2 immune responses, and therefore were suggested to take part in IL-4-mediated antitumor responses as demonstrated by several studies (Modesti et al. 1993; Pericle et al. 1994; Tepper et al. 1992) . Accordingly, Mattes et al. have shown that Th2 responses are capable of clearing established lung and visceral metastases of a cytotoxic T lymphocyte (CTL)-resistant melanoma. Clearance of lung metastases by the Th2 cells was found to be totally dependent on eotaxin and STAT6, and to be mediated by eosinophils infiltrating into and degranulating within the tumor mass, inducing tumor regression. In contrast, tumor-specific CD4+ Th1 cells, that recruited macrophages into the tumors, had no effect on tumor growth in this model (Mattes et al. 2003) .
In contrast to evidence suggesting eosinophils might promote tumor regression, additional studies support the contention that the presence of eosinophils is either inconsequential, or indicative of a poor prognosis. Injection of plasmacytoma J558L cells and the mammary adenocarcinoma together with IL-5-producing cells into mice failed to alter tumor growth kinetics, despite achieving local IL-5 secretion and rapid infiltration of the tumor by eosinophils (KrugerKrasagakes et al. 1993) . Likewise, although eosinophil cationic proteins ECP, EPO and EDN were significantly elevated in patients with renal cell adenocarcinoma before and during treatment with IL-2 and IFN-α (Moroni et al. 1997; Trulson et al. 1997) , cationic protein-rich supernatants of cultured eosinophils from IL-2-treated patients with human renal cell carcinoma and melanoma failed to show direct cytotoxic activity, and elevated numbers of infiltrating eosinophils predicts the failure of IL-2 treatment against these kinds of tumors (Moroni et al. 2000; Porta et al. 1998 ). In addition, eosinophil-ablated mice, using anti-IL-5 monoclonal antibody, showed smaller tumor burdens and delayed onset of tumor development in a rodent model of squamous cell carcinoma (Wong et al. 1999) , suggesting eosinophils may have a role in promoting tumors.
Other potential eosinophil-dependent functions that are likely to contribute involve tissue remodeling capacities of eosinophils. As detailed in "Innate immune functions of eosinophils" above, eosinophils are active in wound healing and tissue remodeling responses, through secretion of growth factors and tissue factors, direct interactions with tissue structural cells, and secretion of pro-angiogenic mediators. Under hypoxic conditions eosinophils exhibited increased survival, and increased secretion of VEGF (Nissim Ben Efraim et al. 2010 ). Eosinophils exposed to the hypoxic environment of a necrotic tumor core may therefore promote angiogenesis within the vicinity of the tumor, promoting tumor growth. A role for eosinophils in promoting angiogenesis and connective tissue formation adjacent to tumors has been proposed (Samoszuk 1997) . Relative contributions of the multifarious innate immune functions of eosinophils to tumor biology in response to specific tumors is an area of ongoing research.
Eosinophils in health
Despite the heavy emphasis on blood-derived eosinophils as effector cells in allergic diseases and helminth infections, the often overlooked majority of eosinophils under healthy conditions are found within tissues of the gastrointestinal tract, genitourinary tract, and the thymus. Tissue recruitment of eosinophils at baseline relies predominantly upon CCL11 chemotactic gradients, and is mediated through eosinophil expression of CCR3. While a full understanding of the specific roles of baseline tissue eosinophils remains enigmatic, it is clear that eosinophils promote tissue differentiation and development, and contribute to tissue homeostasis. This is especially apparent through developmental functions of eosinophils in the uterus and mammary glands, and proposed tissue homeostatic roles of gastrointestinal eosinophils in the maintenance of the mucosal epithelial barrier. The full extent to which eosinophils contribute to innate immunity at baseline is yet to be determined. However, when one considers how intertwined innate immunity is with tissue homeostasis, it is appropriate to broaden our current perspective to include a brief discussion of developmental and homeostatic roles of eosinophils in health.
Directly pertinent to innate immunity, baseline tissue eosinophils: (1) may serve as sentinels in the tissues to which they naturally home, which interface with the external environment; and(2) are likely directly involved in the generation of mature adaptive immune cells. As expounded upon below, sentinel functions have been proposed for gastrointestinal eosinophils, and thymic eosinophils are implicated in negative T cell selection, and a predisposition toward Th2 immunity in children.
Eosinophils in uterine and mammary gland development Eosinophil numbers in the uterine endometrium of rodents fluctuates, with peak values seen at estrous. Numbers of infiltrating eosinophils, and their proximity to the epithelial surface, further increase when exposed to semen during mating. By embryo implantation, eosinophil numbers have decreased, and remain low or absent throughout embryonic development. Reproductive studies in CCL11-or IL-5-deficient mice suggest that the overall capacity for implantation, embryo development and successful delivery remain intact when endometrial eosinophil numbers are absent or diminished. However, CCL11-deficient mice exhibit a delay in the age of initial onset of estrus (Gouon-Evans and Pollard 2001), and IL-5-deficient mice experience a slightly prolonged estrous cycle (Robertson et al. 2000) . These findings may suggest a role for eosinophils in uterus maturation, and in uterine responsiveness to estrogen.
Similarly, in rodents, eotaxin expression in the stroma surrounding terminal end buds induces eosinophil infiltration into post-natal mammary tissue in conjunction with adolescent mammary gland development. Although the precise mechanisms by which eosinophils promote ductal branching has not been fully elucidated, it is clear that, in the absence of eosinophils, ductal branching is diminished (Gouon- Evans et al. 2000 Evans et al. , 2002 . Also critically required for ductal morphogenesis are macrophages. Mammary gland eosinophils secrete the macrophage chemoattractant C10, suggesting that macrophage recruitment may be one mechanism by which eosinophils participate in mammary gland branching. Moreover, the growing literature on the contributions of eosinophils to tissue remodeling in multiple organs suggests eosinophils may also play more direct roles in modulating the extracellular matrix required for mammary gland remodeling.
Gastrointestinal eosinophils
Eosinophils are found at baseline within the lamina propria throughout the intestinal tract, from the stomach through the colon. Although the functional significances of gastrointestinal eosinophils have yet to be fully delineated, eosinophils within the gastrointestinal tract exhibit an activated phenotype in contrast to blood eosinophils (Kato et al. 1998; Straumann et al. 2005) , and are proposed to be involved in at least four aspects of innate immunity within the gastrointestinal tract, including: (1) homeostasis of the epithelial barrier; (2) immunity to luminal pathogens; (3) interactions with the enteric nervous system; and (4) bridging innate and adaptive immunity. Functions of gastrointestinal eosinophils are summarized in Fig. 3 .
Eosinophil interactions with the epithelial barrier
Eosinophil cross-talk with gastrointestinal epithelium was recently reviewed in greater detail by Fillon et al. (2009) . Eosinophils secrete TGF-β in response to co-culture with an epithelial cell line derived from human intestinal tissues. Epithelial cell damage or cell death served as a potent chemoattractant for eosinophils, and induced secretion of eosinophil-derived FGF-2 and TGF-β (Stenfeldt and Wenneras 2004) , likely promoting epithelial repair and remodeling. Supportive of this interpretation, Fillon et al. reported epithelial barrier function to be enhanced in the presence of eosinophils at very low eosinophil to epithelial cell ratios (Fillon et al. 2009 ).
In contrast, other eosinophil granule-derived proteins, such as MBP, ECP and EDN, exert more deleterious effects on the epithelium, as suggested by the findings of Furuta et al. where MBP-deficient mice exhibited less epithelial dysfunction than their wild-type counterparts, and MBP added directly to the basolateral epithelial surface resulted in barrier dysfunction (Furuta et al. 2005) . These findings highlight the yin and yang of eosinophil secretory responses, with secretion of granule-derived cationic proteins mediating tissue damage, while eosinophil granule-derived cytokines and growth factors promote tissue repair and remodeling. This dichotomy may explain how beneficial physiological roles of eosinophils at baseline may become detrimental under conditions of excessive eosinophilia.
Interactions with the enteric nervous system
In addition to interactions with the gastrointestinal epithelial barrier, eosinophils can modulate the enteric nervous system. Eosinophil-derived mediators (including MBP and SCF) stimulate mast cells to release mediators such as tryptase, histamine, PGD2, vasoactive intestinal peptide, substance P, serotonin, and leukotrienes, which have effects on nerve cells. Moreover, eosinophils themselves secrete neuroactive chemicals, and bind nerve cells directly, promoting nerve remodeling. Reciprocally, nerve cell-derived substance P induces eosinophil degranulation . In addition, MBP, and to a lesser extent EPO, bind and inhibit muscarinic M2, but not M3, receptors (Jacoby et al. 1993) . Allosteric inhibition of M2 receptors causes an increase in acetylcholine, resulting in hyperresponsiveness and bronchoconstriction in a guinea pig model of asthma.
Immunity to luminal pathogens
Within the GI mucosa, eosinophils are well-poised to contribute to anti-microbial immunity. Secretory IgA is found in abundance in association with the gastrointestinal mucosa, and is critical in host anti-microbial defenses. Eosinophils express receptors for IgA, and crosslinking of IgA receptors elicits eosinophil degranulation (Abu-Ghazaleh et al. 1989; Monteiro et al. 1993 ). As described above, eosinophil granules contain proteins with antimicrobial properties, including ECP and EDN. Moreover, as described in greater detail above, eosinophils share with neutrophils and mast cells the capacity to form "extracellular traps", effective in sequestering and neutralizing extracellular bacteria. Following exposure to LPS from gram negative bacteria in vitro, eosinophils rapidly extruded granulederived proteins and mitochondrial DNA in an extracellular structure. In vivo, ECP-expressing cells (which are likely eosinophils) with DNA-containing extrusions are found in the colons of patients with Crohn's disease, and GI sections from a patient with spirochetosis revealed eosinophils in association with extruded extracellular traps and trapped bacteria (Yousefi et al. 2008) .
Bridging innate and adaptive immunity
Although studies investigating eosinophil-mediated antigenspecific responses in the gastrointestinal tract are sparse, eosinophils have been observed in association with Peyer's patches in wild-type mice. Interestingly, accumulation of eosinophils within Peyer's patches was observed following airway allergen exposure (Mishra et al. 2000) . Functions of eosinophils bridging innate and adaptive immunity within gastrointestinal tissues are currently underway.
Thymic eosinophils
Eosinophils naturally home to the neonatal thymus in humans . Although physiological significances of thymic eosinophils remain to be fully elucidated, studies in mice and humans reveal functions for thymic eosinophils in modulation of T cell selection and differentiation.
Murine studies reveal eosinophil infiltration into neonatal thymi, peaking at day 14, at which point numbers of thymic eosinophils and thymic dendritic cells have reached parity. Subsequently, numbers of eosinophils decrease over time, while dendritic cells continue to increase in prevalence. Reminiscent of tissue remodeling and homeostatic associations of eosinophils, at 16 weeks of age, thymic eosinophil numbers again rise, corresponding with thymic involution (Throsby et al. 2000) .
Thymic eosinophils exhibit an activated phenotype, and express CD11c and antigen presentation machinery, including MHC II and CD86. Of note, thymic eosinophils localize primarily to the cortico-medullary regions in neonates, an area rich in double-positive thymocytes, and a site of negative selection, suggesting eosinophils may participate in T cell selection. In support of this theory, Throsby et al, utilizing a model of cognate peptide injection into TCR transgenic mice, demonstrated a strong eosinophilic influx into the thymus within 6 h following peptide injection, accompanied by the appearance of apoptotic thymocytes surrounding thymic eosinophils (Throsby et al. 2000) . Thus, although not yet confirmed in humans, murine thymic eosinophils are implicated in thymocyte negative selection.
A recent elegant study addressed functional significances of thymic eosinophils in humans. Tulic et al. 2009 analyzed thymi from 22 children aged 7 days through 12 years (Tulic et al. 2009 ). Similar to the murine studies, human thymic eosinophils decrease in number with age. This study also demonstrated human thymic eosinophils to constitutively express active indoleamine 2,3-dioxygenase (IDO), the biproduct of which is known to promote a Th2 milieu through inducing the selective apoptosis of Th1 cells. These findings suggest a mechanistic explanation for the observed Th2 immune bias in young children.
Conclusions
Throughout the past decade, studies probing the immunobiology of eosinophils have begun to uncover an evolving story in which eosinophils participate in innate immune processes as more than terminal effector cells. An appreciation of the stores of granule-derived chemokines, cytokines and growth factors, packaged intracellularly within circulating and tissue eosinophils provides the basis for many newly-recognized functions of eosinophils, including regulation of the immune microenvironment, inflammatory response and tissue homeostasis and remo deling. The demonstration of direct antigen presentation capacities in eosinophils from mice and humans, identify eosinophils as cells that bridge innate and adaptive immunity. Through direct and indirect interactions with innate and adaptive immune cells, and with tissue cells, eosinophils participate in complex networks affecting a multitude of processes, under physiological and pathological conditions, that remain to be fully defined, laying a foundation for the next decade of eosinophil studies.
